This paper presents an initial part of a project devoted to the recycling of mill scale in the form of selfreducing briquettes. First chemical and morphological characteristics of mill scale were investigated and next its gaseous reduction behavior was studied by thermogravimetry. The chemical characterization showed that wustite is the major constituent of this waste matter, with small amounts of magnetite, hematite and metallic iron. The microscopic examination of the scale revealed its complex and layered microstructure with three distinct zones. The outer layer is relatively thin and porous. It is mainly composed of hematite and magnetite. The intermediate layer is made of the dense, columnar grains of wustite. The inner layer is a very porous wustite. The gaseous reduction by carbon monoxide has a topochemical character regardless of initial morphology of scale and, depending on temperature and reducing gas composition it produces a porous iron or the iron whiskers. The unreacted shrinking core model with one interface fits quite well the kinetic data and the activation energy of reduction is about 80 kJ/mol.
Introduction
In several iron and steelmaking processes, about 500 kg/ton of solid wastes of different nature are generated.
1,2) Among these wastes, there are some with high iron content (like scale, BOF grit, some sludges and dusts) and there is interest to recycle them in the plant where they originate. There are also others, with low iron content (like the slag) which must be sent to other ways of use or to landfills. Nowadays, to make recycling possible or to treat these solid wastes in a sustainable way is a big challenge for the quickly developing steel industry in Brazil.
One of the wastes generated in steel plants is the mill scale which represents about 2% of the steel produced. 3, 4) It is formed during the continuous casting and rolling mill processes when steel is submitted to thermal gradients in oxidant atmospheres, which promotes the growth of iron oxides layer at the surface of steel. In the integrated plants, the mill scale is habitually used as a raw material at the sintering plants. 5) The recycling of this waste as briquettes used in BOF steelmaking as well as an addition to the iron ore pellets designated for blast furnace process was also reported. 3, 4, 6) Finely, there are some attempts to use the scale for pure iron powder production. [7] [8] [9] For the mini-mills which operate with electric arc furnace and where there are no reduction reactors, the scale recycling is more difficult, so this waste is often sent to landfills. However, the selfreducing technology has already been reported as a possibility to recycle the mill scale in mini-mills plants. 10, 11) To find the optimal conditions for such recycling and to predict the performances of mill scale-carbon composite briquettes, i.e. yield of iron recovery, carbon consumption, maximum amount of briquettes per heat in EAF etc. some briquettes characteristics should be chosen. Among them, high reduction rate and good mechanical resistance before and during reduction are the most important for obtaining the best performance of briquettes.
Hitherto, some detailed characterizations of mill scale have been done when studying its formation and elimination throughout hot rolling of steel. [12] [13] [14] These studies showed that mill scale is a layered and brittle material, composed of iron oxides with wustite as a predominant phase. However, depending on parent steel composition some minor oxides are also detected in the mill scales.
The reduction of iron oxides both by gaseous and solid reductants has already been extensively studied both experimentally and by modeling. [15] [16] [17] [18] [19] Thus, it was already well established that depending on gas nature, its composition and temperature as well as on iron oxides type, particle size and porosity the reduction is more or less step-wise and proceeds with kinetics that could be well described by unreacted core shrinking models, intermediate model or grain model. Reduction of iron oxides by solid reductants has also been studied, especially when developing the self reducing iron oxide and carbon composite briquettes. [20] [21] [22] [23] [24] [25] [26] [27] [28] These studies, with different iron oxides and carbon bearing materials, have shown that the self reduction mechanism and kinetics are more complicated because beside the reaction of reduction it includes sensibly endothermic carbon gasification reaction which very often is found to control the overall rate of self reduction. Moreover, other phenomena could influence 28) (like a devolatilization of the reducing agent) or even control 24) (like a heat transfer) the rate of self reduction. © 2011 ISIJ When compared with other iron oxides containing materials, such as the iron ores, sinters, pellets, the gaseous reduction of a mill scale was rarely investigated in detail. However, recently the reduction of powderized mill scale by carbon monoxide in order to produce pure iron powder has been reported 9) as well as the study of reduction of a thin oxide scale layer formed on hot-rolled strip steel, also by using carbon monoxide, to establish an acidless descaling process. 29) Both studies show that gaseous reduction at high temperatures (750-1 100°C) is suitably fast for the envisaged processes but it is accompanied by the parasitic reactions of carburation and carbon deposition. The reduction of powderized mill scale by solid reducing agents has also been tried and it was found that the reactivity of carbonaceous reductant has a considerable effect on iron oxides reduction rate that could be described by unreacted core shrinking model. 7) Recently, it has also been shown that the reduction rate of briquettes containing iron scale and coke could be significantly increased by adding small amount of waste plastics. 8) As there is only limited information on the reduction behavior of a mill scale by gaseous and solid reductants, the present paper reports an initial part of a project dealing with recycling a mill scale as self-reducing briquettes. Thus, first some physical and chemical properties of mill scale are investigated and further, the kinetics of gaseous reduction of the mill scale is studied by thermogravimetry. Detailed microscopic examination of the scale samples reduced to different extent is also carried out in order to have a better understanding of the reduction mechanism and to choose an appropriate kinetic model fitting the experimental data. Ultimately, the activation energy of reduction of wustite from the mill scale is determined. Its knowledge is necessary for the identification of rate controlling step in the more complex self reduction of the mill scale by the solid carbonaceous reductants which will be a topic of the next paper.
Experimental
The scale used in this study was provided by a Brazilian mini-mill plant. It was sampled and composed according to the proportion generated in the continuous casting and rolling mill. The scale was submitted to chemical and morphological characterization followed by the study of its kinetics of gaseous reduction in a thermobalance.
Chemical Analysis
The scale composition was assessed by three analytical techniques. The Inductively Coupled Plasma (ICP) analysis was used to measure the content of major and some minor elements contained in the scale, except oxygen. The main crystalline phases were identified by X-ray diffraction. The diffractometer (Siemens D500) was used with the speed and scanning goniometry interval of 1 second for 0.02° of degree from 2 to 72°, respectively. The Mössbauer spectroscopy was finally used to quantify the iron oxides in scale. The spectrometer with constant acceleration was used with the source 57 Co in the Rh matrix and a Kr (CO2) proportional counter as detector.
The total reducible oxygen content in the scale was measured as the total weight loss of scale sample reduced by pure carbon monoxide at 1 100°C in the thermobalance Netzsch/STA 409. The oxygen in hematite and magnetite was measured by two step scale reduction. In the first step, the gas mixture with 50% CO and 50% CO2 allowed the hematite and magnetite reduction to wustite. In the second one, the gas mixture composed of 90% CO and 10% CO2 allowed a complete reduction of the scale to iron. The carbon content in the partially reduced scale samples was measured by carbon and sulfur analyzer (LECO CS-244).
Morphological Characterisation
The particle size analysis was first carried out on asreceived scale using the following sieves: 3.15, 2.5, 1, 0.6, 0.3 and 0.1 mm. The morphological characteristics of the scale were investigated by the mercury porosimetry (Micromeritics Poresizer 9320) and examined by the optical (Reichert-Jung MeF3) and scanning electronic microscopes (Joel JSH T220A) with EDS microanalysis (Oxford Instruments Link Tetra).
Measurement of the Scale Reduction Kinetics
The reduction kinetics measurements were carried out in a thermobalance. In the first series, the scale sample, with particles size ranging from 0.3-0.6 mm and weighing about 50 mg was placed in an alumina crucible with a flat bottom. Generally, the scale powder forms one layer. In the second series, the platelets with 3-5 mm of length and width and 1-2 mm thickness were reduced partially for a microscopic examination. In order to expose all platelet faces to the reducing gas, they were placed in a special alumina sample holder in a way schematically shown in Fig. 1 .
The kinetics of reduction was measured within the temperature interval between 800 and 1 200°C in two different atmosphere series: first in pure carbon monoxide and further in a mixture of 90% CO and 10% CO2. The gas flow rate in all reduction runs was 200 ml/min. The obtained weight loss curves were then converted to the conversion curves taking into account the total reducible oxygen content in the scale. Table 1 shows the elementary analysis of scale obtained by ICP. This analysis does not allow measuring the oxygen and carbon content, but it demonstrates that the scale studied contains 69 mass% of iron, which is the main scale constituent. Some other metallic elements, like aluminum, tungsten, manganese, chromium and nickel were also detected as the scale comes from a plant that produces alloyed steels. It was assumed that these contaminant elements are in their most stable oxide forms. Based on this assumption, the total amount of oxidized impurities in the scale was estimated to be 8 mass%. Figure 2 presents the crystalline phases identified by Xray diffraction: hematite, magnetite and wustite. The quantitative distribution of the iron phases was determined through Mössbauer Spectroscopy and is summarized in Table 2 . The wustite (FeO) appears as the main phase (74 mass%), followed by magnetite (18 mass%) and hematite (7 mass%). The metallic iron represents just 1 mass% of total iron in the scale.
Results and Discussion

Chemical and Phase Composition of the Scale
Considering that the scale contains about 8 mass% of impurities, the total iron phases content is approximately 92 mass%. Taking the iron and oxygen content in each iron oxides and multiplying them by the iron phases quantity measured by Mössbauer Spectroscopy, the total iron and oxygen was calculated. The values obtained were respectively 69.7 mass% and 22.3 mass%, which gives the atomic ratio of oxygen to iron (O/Fe) close to 1.12.
This estimated value of oxygen in the iron oxides, as the reducible oxygen content, was also verified by two reduction experiments. Figure 3 shows the weight change of the fines scale sample reduced at 1 100°C by pure CO and next oxidized by air. In reducible conditions, the sample weight loss was of 22 mass%, which corresponds quite well to the initial iron oxidation degree (O/Fe ratio equal 1.12), evaluated through chemical and Mössbauer analyses. During the following stage, the observed weight increase was due to the oxygen pickup by reduced iron and shows its almost complete oxidation to hematite (O/Fe = 1.47). Figure 4 shows the weight loss curve of the fines scale sample obtained in two steps reduction run that allowed measuring the oxygen corresponding to the reduction of hematite and magnetite to wustite. After preheating up to 1 100°C under nitrogen, the sample was first reduced by a gas mixture containing 50% of CO and 50% of CO2 and then by a mixture containing 90% CO and 10% CO2. In the first step, the measured weight loss varied between 1 and 2 mass%, which well matches the reduction of the highest iron oxides (hematite and magnetite -quantified by Mössbauer spectroscopy) to wustite. In the second step, the measured weight loss was around 20 mass%, which is essentially attributed to the wustite to iron reduction. Thus, these two reduction experiments confirm well the reducible oxygen content estimated through ICP and Mössbauer spectroscopy.
Morphological Characteristics of the Scale
The size and shape of the scale particles are very important when evaluating the recycling ways (through briquettes, pellets, injection lance etc.) and the kinetics and mechanisms of their reduction. Figure 5 presents the histogram of the particles size distribution of the scale as-received from a mini-mill. It is observed that more than 50 mass% of the sample has a particle size bigger than 1 mm and only about 5 mass% of the sample is below 0,1 mm. The visual examination of the coarse particles reveals (Fig. 6) that they have mainly a form of platelet, with a thickness which varies between 1 to 2 mm and the length and width between 2 and 10 mm. Figures 7 and 8 show the micrographs of the as-received scale sample examined respectively by optical and scanning electronic microscopy from the transverse section of the platelets. On both micrographs three distinct zones with different microstructures appear: the fine and slightly porous outer layer (50-100 μm), the dense intermediate layer (500 μm) and the innermost layer with the big pores (500 μm).
Moreover, the elementary analysis done by SEM/EDS shows that the O/Fe ratio in the fine outer layer is close to 1.5 while the O/Fe ratio of two others layers is close to 1. This suggests that the first layer contains iron oxidized to hematite and magnetite while two others are respectively the dense and the porous wustite. These observations concur with XRD and Mössbauer analyses. They are also in full agreement with the scale characterization results presented in the works on the scale formation. Figure 9 shows two characteristic pores size distribution curves obtained by mercury porosimetry. The open porosity of these two samples was 12% and 25% respectively. The observed discrepancy indicates a morphological heterogeneity of the scale samples. In fact, scale is a very friable solid material which could contain a variable proportion of dense and porous wustite. The pores distribution curves from Fig. 9 shows that this discrepancy is mainly due to the difference in the large (above 100 μm) pores size fraction, i.e. the pores which are presented in the porous inner layer of the scale. This layer easily flakes off forming smaller separate grains of dense and porous scale. The density of scale was also measured by mercury porosimetry. The mean value of the skeletal density of scale was approximately 5.4 g/cc, lying between the theoretical density of hematite (5.24 g/cc) and wustite (5.7 g/cc).
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Reduction Kinetics of the Scale by Carbon Monoxide
The weight loss curves obtained during reduction tests in the thermobalance were transformed into the fractional reduction F curves by the following formula:
........................ (1) where mo is an initial sample weight in grams, m(t) is a sample weight in grams at time t and Ored is a total reducible oxygen content in mass%. Figure 10 shows the kinetic curves of the scale fines reduction (0.3-0.6 mm in size) by pure CO in the temperature range changing from 830 to 1 200°C. As one can expect, the initial reduction rate increases, and the time of total conversion (reduction) decreases when the reduction temperature increases. However, at a relatively low temperature (below 1 000°C), an unexpected inflection of the conversion curves appears. Moreover, for the samples reduced at 830°C and 900°C these curves after attaining a maximum, show the conversion diminishing with time. This means that the reactions parallel to the reduction influence the sample weight variation. It is also worth to note that this deflection of the kinetic curves decreases when temperature increases.
To explain the observed features of the scale reduction kinetics, it was assumed that, at a temperature below 1 000°C and in a pure CO atmosphere, a carbon deposition or an iron carburizing could take place as one can predict from Fe-C-O equilibrium diagram as it has already been shown by Turkdogan 15) and more recently by Mondal and et al. 30) To validate this hypothesis, a reduction run at 830°C was interrupted at 0.3 of reduction fraction and the carbon content in the sample was measured by LECO CS-244 analyzer. The value measured was about 7 mass%, thus confirming the hypothesis of carbon pickup during the scale reduction at relatively low temperature and with strongly reducing gas (pure CO). This carbon pickup hides the reduction progress calculated from the weight change of the sample and makes difficult to measure the pure wustite reduction kinetics.
To overcome these difficulties, a second series of reduction kinetics, at the temperature range from 900°C to 1 200°C, was done with a gas mixture of 90% of CO and 10% of CO2. Figure 11 shows the fractional reduction curves of this series. They exhibit less deflection which suggests a smaller effect of the carburization/carbon deposition on the pure reaction of reduction. They show also that a total conversion of the iron oxides to iron is possible with a high initial rate which increases with temperature.
These kinetic curves of both series were further analyzed to find the activation energy of oxide scale reduction by carbon monoxide and to determine the rate controlling step.
Iron Morphology of the Reduced Scale Samples
The morphology of scale at different fractional reduction F was examined by optical (OM) and scanning electronic microscopy (SEM) to better understand the reduction mechanism and the possible rate controlling phenomena. Figure  12 shows the polished section of the large size platelets which were partially reduced in gas mixture 90% of CO and 10% of CO2 at three different temperatures. They attained three different fractional reductions: a) 18% at 900°C, b) 25% at 1 000°C and c) 50% at 1 100°C. These micrographs reveal that the quantity of metallic iron (which appears as a white color phase) increased from Fig. 12(a) to 12(c) . It is also observed that the reduction extent was comparatively greater in the inner and porous layer of the scale platelets.
Nevertheless, Fig. 12(c) shows that outer layer of scale platelets, initially rich in hematite and magnetite, was also more reduced than the intermediate layer of the dense wustite. Finally, these micrographs demonstrate that the gaseous reduction of scale by CO is topochemical and progress on the wall of pores in the porous part of samples and on the wustite grain boundaries in the dense layer of the scale. In Fig. 13 are shown, under a higher magnification, the morphologies of reduced iron of two different types: the porous iron ( Fig. 13(a) ) and the iron whiskers (Fig 13(b) ). It is interesting to note that the grains of porous iron presented a similar size as the grains of wustite at which they grow up (Figs. 14(a) and 14(c) ) and reach a breadth of about 40-60 microns and a thickness of about 20-30 microns. Comparatively, the iron whiskers, which grow at the wall of long pores, reveal under optical microscope a length up to 100-200 microns (Fig. 14(b) ) and a diameter of few microns, which is better seen by SEM ( Fig. 14(d) ).
Microscopic examination of the reduced samples shows that the porous iron prevails in the samples reduced at higher temperatures (1 200°C and 1 100°C) and more whiskers are present in the samples reduced at lower temperatures (1 000°C and 900°C). However, both types of iron were seen in all samples. The observed morphologies of iron produced under different conditions of temperature and gas composition are similar to those observed in detailed studies on gaseous wustite reduction 31, 32) and some works devoted to self-reduction. 22, 33) It is also important to note that, independently of iron morphology, the reduction in the temperature range studied for different particle size has a topochemical character, as show the micrographs of fine particles reduced at 900°C and 1 100°C by 90% CO and 10% CO2 mixture presented in Figs. 15(a) and 15(b) , respectively. Consequently, a shrinking core model was chosen to describe the kinetics of scale reduction.
Activation Energy of Scale Reduction by Carbon
Monoxide Taking into account the topochemical character of reduction, indicated by morphological examination, the well known unreacted shrinking core model of gas-solid reaction was used to examine the kinetic data obtained by thermogravimetry. The validity of this model for iron oxides gaseous reduction was verified and progressively applied for one interface and stepwise reduction under different rate controlling phenomena. [17] [18] [19] Considering that the studied scale is practically one iron oxide phase (wustite) a simple one interface reduction model 17) was chosen. To find the reduction kinetic constant kc with the assumption that overall reduction rate is controlled just by chemical reaction at wustite/iron interface, the integral form of the unreacted shrinking core model equation for pseudo spherical grains was used:
..... (2) where F is fractional reduction at time t, kc is rate constant of chemical reaction at wustite/iron interface, ro is particle rayon, ρO is apparent molar density of oxygen in the scale, K is equilibrium constant for FeO1.05+1.05 CO = Fe +1.05 CO2 reaction, is CO molar fraction in bulk gas, is CO molar fraction at equilibrium, P is reduction gas pressure, T is reduction temperature and R is gas constant.
The kinetic constant kc was calculated from the slope of the straight line fitting the experimental data drawn in the coordinates t against 1-(1-F) (1/3) . Figures 16 and 17 show the kinetics data obtained for fine scale with reducing gas which was respectively pure carbon monoxide (series 1) and the mixture of 90% CO and 10% CO2 (series 2). From these graphics, for each straight line fitting the experimental data, the slope was first found and thus for each reduction temperature the kinetic constant kc was calculated. For reduction runs with pure CO (Fig.  16) , where the kinetic curves display big deflection, the constant kc was calculated from the initial reduction stage only, i.e. for F less then 0.3 (30%), thus avoiding to influence the pure reduction kinetic constant by the parasitic reactions of iron carburizing and carbon deposition. Figure 18 shows further the results of the scale platelets reduction which was not fully completed. Here the shrinking core model also fits quite well the kinetic data at least for the initial stage of reduction allowing determination of kinetic constant for five different temperatures.
The values of kinetic constant kc obtained in such a way are plotted in the Arrhenius diagram (Fig. 19) . The activa- These values are also close to the low limit of the range of activation energy reported in the literature 15, 20, 24) for wustite reduction by CO.
Conclusions
The iron oxide of scale from one mini-mill steel plant, designated to be used as a major iron bearing constituent of self reducing briquettes, has been characterised by different techniques. The microscopic examination of scale revealed that it has a complex and layered microstructure with three distinct morphologies. The outer layer is relatively thin and porous. It is mainly composed of hematite and magnetite. The intermediate layer is made of dense, columnar grains of wustite. The inner layer is a very porous wustite.
The kinetics of scale reduction by carbon monoxide in the temperature range from 800 to 1 200°C was investigated with the fine grains and bigger platelets attempting mainly to determine the best descriptive model of the reduction rate and its activation energy. It was found that unreacted shrinking core model with one interface under chemical reaction control fits well the experimental data at the initial stage of reduction. The activation energy for the mill scale reduction by carbon monoxide was found to be about 80 kJ/mol.
The morphological examination of partially reduced scale shows clearly a topochemical character of reduction and the presence of two morphological forms of iron resulting from scale reduction: porous iron and iron whiskers. It seems that at high temperatures (>1 000°C) and strongly reducing gas the porous iron prevails while at lower temperatures (<1 000°C) and weekly oxidized reducing gas the iron whiskers clearly appear.
Both findings, the first regarding the kinetics of reduction and the second concerning the morphology of reduced iron are very helpful in the study currently in progress on the behaviour of self-reducing briquettes. The activation energy of mill scale reduction allows the identification of rate controlling reaction and the morphology of reduced iron brings valuable indication of the local reduction conditions inside a briquette which are very difficult to be directly measured. 
